Presented at [IUGG Meeting
Boulder, July 1995

SPACEBORNE GPS FOR EARTH SCIENCE

Thomas P. Yunck and William G. Melbourne
The Jet Propulsion Laboratory
California Institute of Technology, Pasadena, CA 91109 USA

INTRODUCTION

With the recent completion of the Global Positioning System constellation and the
appearance of increasingly affordable spaceborne receivers, GPS is moving rapidly into
the world of space flight projects. Indeed, owing to the great utility and convenience of
autonomous onboard positioning, timing, and attitude determination, basic navigation
receivers are coming to be seen as almost indispensable to future low earth missions.
This development has been expected and awaited since the earliest days of GPS. Perhaps
more surprising has been the emergence of direct spaceborne GPS science and the
blossoming of new science applications for high performance geodetic space receivers.

Applications of spaceborne GPS to Earth science include centimeter-level precise orbit
determination (POD) to support ocean altimetry; Earth gravity model improvement and
other enhancements to GPS global geodesy; high resolution 2D amh@&pheric
imaging; and atmospheric limb sounding (radio occultation) to recover precise profiles of
atmospheric density, pressure, temperature, and water vapor distribution. Figure 1 offers
a simplified summary of the Earth science now emerging from spaceborne GPS.

[ ocEANS | [soLiD EARTH]

IONOSPHEREI ATMOSPHERE

~

Earth rotation, -
polar motion Climatic change &
weather modeling

High resolution 3D
ionospheric imaging

Vertical motion of A
crust & lithosphere Global profiles of atmos

Significant
wave height :
density, pressure, temp,
plus geopotential height
; Location & motion
global circulation of the geocenter
Gross mass

Short-term eddy distribution —
scale circulation | Atmospheric winds,
waves & turbulence
Surface winds
& sea state

Shape of the earth

lonospheric struc-
ture & dynamics

lono/thermo/
atmospheric
interactions

Structure & evolution
of the tropopause

Onset, evolution
& prediction of
space storms

Structure & evolution Tropospheric water
of the deep interior vapor distribution

TIDs and global
energy transport

Structure & evolution
of surface/atmosphere
boundary layer

Precise ion cal for
DSN, SAR, altimetry,...

Fig. 1. Some key science applications for a spaceborne array of GPS receivers.



Presented at [IUGG Meeting
Boulder, July 1995

Consistent with these different uses, there has developed in recent years a two-tiered
user community for GPS in space: those seeking basic, moderate-performance GPS
navigation, timing, and (in some cases) attitude determination, and those pursuing the
more demanding science activities requiring the highest performance dual-frequency
receivers. As the mission-dependent requirements within each group are diverse, a
variety of receiver models for space use has emerged. While that healthy situation is
likely to continue, from the standpoint of the scientists it may be hoped that in the future
the high end instruments will reach levels of size, cost, and generality of function that
will allow them to serve both user classes economically, thus converting the most
utilitarian satellites into potentially powerful science instruments.

Conventional single- and dual-frequency GPS receivers have been flown in space for
basic navigation and (increasingly) attitude determination on a number of recent
missions. These include RADCAL, Crista-SPAS, Orbcomm, and MicroLab I, which
carried the Trimble TANS Vector receiver for positioning and attitude determination
[Cohen et g11993;Lightsey et g11994]; and several Space Shuttle flights, which carried
a dual frequency Rockwell-Collins 3M receiver. A variant of the Rockwell receiver, the
AST V, was flown on two U.S. military satellites, the Air Force's TAOS (Technology for
Autonomous Operational Survivability) and the Advanced Research Projects Agency's
experimental DARPASAT Qubbedge andHigby, 1994]. In addition, a 12-channel
single-frequency P-code receiver built by Motorola was flown aboard NASA's Extreme
Ultraviolet Explorer (old et a] 1994], and a 5-channel Japanese C/A-code receiver was
flown on Japan's OREX missiomdmita et al 1994].

As GLONASSbecomes established as a reliable navigation system we can expect to see
considerably more commercial resources devoted to developing the technology for both
the ground and space. A high performance spacel@®865LONASSeceiver for navi-
gation and science applications is currently under development by the European Space
Agency and may fly within two year$Silvestrin et al 1995].

The utilitarian spaceborne GPS applications represent, in essence, a fulfillment of the
GPS vision. They exploit GPS, sometimes in clever ways, for purposes for which it was
expressly intended. For the growing class of high-precision spaceborne science users
surveyed here, the same cannot be said. GPS was not conceived with such uses in mind
(indeed, their feasibility was generally recognized only after GPS deployment was well
underway), and has not been altered in any way to accommodate them. Within these
diverse scientific enterprises we find many examples in which GPS innovators have,
through ingenuity and industry, coaxed a reluctant system to perform unexpected feats,
thereby expanding the GPS mission. In the face of the seriously confounding security
features known as selective availability and anti-spoofing, they have extracted from GPS
levels of performance undreamed of by its architects. The following sections summarize
recent highlights in spaceborne GPS science and sketch a picture of its promising future.

PRECISE ORBIT DETERMINATION AND GRAVITY RECOVERY

The first of these unconventional GPS applications to be seriously examined was precise
orbit determination (POD) in support of high precision ocean altimetry. A global
differential GPS technique for achieving sub-decimeter orbit accuracy on the joint U.S.-
French Topex/Poseidon mission was first proposed at the Jet Propulsion Laboratory in
1981. The basic elements of the proposed differential GPS system—a small global
ground network, a precision flight receiver, the GPS constellation, and an analysis
center—are depicted in Fig. 2. Over the years, a variety of refinements to the proposed
orbit estimation technique, evaluated through simulation studies and covariance analysis,
revealed the surprisingly rich potential of GPS for few-centimeter tracking of orbiters at
low altitudes funck et g11990;Wu et al 1991].
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Fig. 2. Key system elements for precise orbit determination with differential GPS.

The Topex/Poseidon ocean altimetry satellite was launched into a 1300 km orbit on an
Ariane rocket in August of 1992. It carried an experimental dual-frequency P-code
receiver built by Motorola to test these new tracking technigMetbjourne et gl 1994].

The Topex GPS POD demonstration has now surpassed pre-launch expectations of 5-
10 cm radial orbit accuracy by about a factor of three.

A number of aspects of this experiment are notable: (1) conventional dynamic
differential GPS orbit solutions were essentially equivalent to dynamic solutions obtained
with laser and DORIS (Doppler) tracking data, with radial accuracies of 3-4 cm RMS
[Schutz et al1994]; (2) reduced dynamic orbit solutions, in which the unique geometric
strength of GPS data is used to minimize sensitivity to force model ewkursf aj
1991] consistently improved upon dynamic solutions (judged primarily by altimeter
crossover agreements) to yield radial orbit accuracies of 2-3 cm RM&K et 311994;
Bertiger et aJ 1994;Hesper et g11994]; (3) University of Texas investigators used GPS
data from Topex/Poseidon to improve the Earth gravity model over what had earlier been
achieved by tuning with laser and DORIS data, leading to significantly reduced
geographically correlated dynamic orbit errBeftiger et a] 1994]; (4) dynamic orbits
with a GPS-tuned gravity model surpass those with a laser/Doppler-tuned model, but fall
short (by ~1 cm RMS) of GPS reduced dynamic orlBesrfiger et aJ 1995]; (5) GPS-
based orbits of the highest accuracy are now obtained with a fully automated, unattended
processing system; (6) analysis based on Topex results suggests that reduced dynamic
orbit accuracies of a few centimeters should be achievable for future missions at altitudes
below 500 km Melbourne et gl 1994;Bertiger et al 1994]; (7) recent unpublished
results by Ron Muellerschoen at JPL indicate that carefully tuned onboard dynamic
filtering could yield real time non-differential orbit accuracies of a few meters under
nominal levels of selective availability.

Since the Topex/Poseidon receiver cannot decrypt the Y-codes, the GPS demonstration
has been partially in abeyance since anti-spoofing came on nearly full time in January of
1994. Routine processing continues, however, with L1 C/A-code data, yielding radial
accuracies in the range of 4-5 cm RMS, itself a somewhat surprising result. In the wake
of the Topex success, GPS-based POD has been adopted for several future altimetry
missions, including the U.S. Navy's Geosat Follow-On, which will carry a Rockwell
MAGR and is slated for a 1996 launch, and the Topex/Poseidon Follow-On, proposed for
launch later in the decade.
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Fig. 3. lllustration of atmospheric temperature profiling by GPS occultation

GPS ATMOSPHERIC OCCULTATION

The probing of planetary atmospheres by radio occultation dates to the early 1960s when
Mariners 3 and 4, viewed from Earth, passed behind Mdisrgé et al 1964 and 1965].

In this technique a radio signal from a spacecraft moving behind a planet is tracked until
blockage. As the signal cuts through the planet's refractive atmosphere, its lengthening
path delay, revealed by the observed change in phase delay or Doppler shift, can yield a
precise profile of the atmospheric density, pressure, temperature or water vapor, and, to
some degree, composition and winds. Amplitude variations can expose atmospheric
turbulence and wave structure.

While radio occultation has probed many planets and moons throughout the solar
system, it has as yet found no useful application to Earth, for two reasons. First, the
observation requires both a radio source and a suitable receiver off the planet, outside the
atmosphere; seldom have we had such matched pairs in Earth orbit. Second, to be of use
in studying Earth's atmosphere, whose nature we know well, such measurements must be
continuous, comprehensive, synoptic. We therefore need many transmitters and receivers
aloft at once, densely sampling the global atmosphere every few hours. Until the arrival
of GPS and low cost microsats, the evident cost of such an enterprise made it impractical
within Earth science programs.

In the late 1980s, a group at JPL proposed observing GPS signals from space to make
atmospheric soundings by radio occultation, as shown in FiguBck and Melbourne
1989]. Briefly, the observed Doppler shift in the GPS signal induced by atmospheric
bending permits accurate estimation of the atmospheric refractive index. From that one
can retrieve, in sequence, profiles of the atmospheric density, pressure, and temperature
(or, in the lower troposphere, water vapor) with high accuracy (<1 Kelvin in temperature)
and a vertical resolution of a few hundred met&tfelhourne et gl 1994b;Kursinskj
1994]. Figure 4 shows the predicted accuracy of atmospheric temperature profiles as a
function of altitude, based on extensive simulation studies performed at JPL. Notice that
in the lower part of the troposphere, the uncertainty in water vapor content, particularly in
the tropics, leads to a large error in the recovered temperature. In that region, since it is
water vapor that is of greater consequence in weather modeling, it becomes advantageous
to adopt nominal temperature lapse rates and instead recover water vapor profiles.
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Fig. 4 Estimated GPS-derived atmospheric temperature accuracy vs altitude.

A single satellite can recover more than 500 profiles each day, distributed almost
uniformly around the globe; a large constellation would recover many thousands of
profiles, which could one day have a profound impact on both long term climatological
studies and short term weather modeling. In addition, such an array would enable high
resolution 3D tomographic imaging of the ionosphere (see next section) and would serve
many geodetic uses (e.g., gravity recovery, geocenter monitoring) as well.

Stimulated by the original JPL proposal, a group led by the University Corporation for
Atmospheric Research in Boulder, CO, succeeded in obtaining sponsorship from the U.S.
National Science Foundation for a low-cost demonstration experiment called GPS/MET
(for meteorology), to fly as an add-on payload to a NASA experiment (an Optical Tran-
sient Detector) aboard Orbital Sciences Corporation's MicroLab | satellite. Additional
mission support was provided by NOAA (the National Oceanic and Atmospheric Admin-
istration) and the FAA (Federal Aviation Administration), and supplemental analysis
support was obtained from NASA. To acquire the occultation data, Allen Osborne Asso-
ciates, manufacturer of the TurboRogue geodetic GPS receiver, developed a ruggedized
flight version known as the TurboStar. JPL, a collaborator on the experiment, revamped
the receiver software for autonomous operation and occultation scheduling in space. The
TurboStar produces 50 Hz dual frequency data samples during occultations using the P-
codes when antispoofing is off and less precise alternative methods when it is on.

The MicroLab | was launched successfully aboard a Pegasus rocket in April 1995.
While there have been minor problems with the satellite itself, the receiver has performed
almost flawlessly from the beginning. Upon power-up, the TurboStar automatically
conducts a blind "open sky" search to acquire GPS satellites, uses those to set its internal
clock and initialize its orbit solution, computes its Earth-relative position and velocity,
schedules hundreds of daily atmospheric occultation passes based on its own computed
position, the positions of the GPS satellites, and the known positions of several ground
support stations, and feeds a steady stream of data back to the ground. Many hundreds of
occultation passes have now been acquired and analyzed. Figure 5 shows a typical
temperature profile computed at JPL, along with nearby radiosonde measurements for
comparison. For a more comprehensive presentation of results from this experiment see
Feng et al[1995] andHajj et al[1995] in this volume.
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Fig. 5. Typical GPS atmospheric temperature profile compared with two radiosondes.

The best occultation data are acquired with P-code tracking during occasional periods
when antispoofing is off, and JPL has been able to negotiate several such periods, each
lasting typically a few weeks, with the Department of Defense. Initial profiles recovered
by groups at JPL, UCAR, and the University of Arizona are extremely encouraging, in
many cases with estimated accuracies of about 1 Kelvin over a wide range of altitudes
[e.g.,Hajj et al, 1995]. This performance is expected to improve steadily as analysis
refinements are introduced. lonospheric studies with the GPS/MET data are just now
beginning and as yet no results have been reported.

IONOSPHERIC IMAGING WITH SPACEBORNE GPS

The dual frequency GPS signals offer a direct means of measuring the integrated or total
electron content (TEC) along the line of sight from the receiver to the GPS satellites [e.g.,
Yunck 1993]. Today, ionospheric measurements from the global GPS ground network
are used to generate accurate global maps of zenith M&@nucci et al 1993]. Such

maps are valuable both for calibration of tracking data from other satellites and for
scientific study of the ionosphere. While ground-based zenith TEC maps represent a big
advance in our ability to image the ionosphere, they have their limitations. Horizontal
resolution is still relatively crude, though that will improve with more ground sites, and
information on the vertical electron distribution is entirely absent. Various efforts have
been made to recover vertical information from ground based TEC data by means of two-
dimensional tomography, but the basic observing geometry severely limits the vertical
resolution that can be achieveddymund et al.1994]. That limitation can be readily
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removed by the introduction of horizontal cuts through the ionosphere afforded by
spaceborne receivers. Much like atmospheric occultations, such observations will slice
through the ionosphere to provide exquisite vertical resolution; combined data from large
numbers of space- and ground-based receivers will enable high resolution two- and three-
dimensional snapshot imaging of the global ionosphdag Et al, 1994].
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Fig. 6. lonospheric sampling with combined ground and spaceborne GPS receivers.

Figure 6 illustrates in two dimensions the ionospheric sampling that can be achieved
from the ground and space. Simulation studies performddaljyet al [1994] demon-
strate quite dramatically the value of space-based GPS data in ionospheric imaging. With
ground data alone, virtually nothing of the vertical electron distribution is revealed; with
space data alone, good quality vertical and horizontal images are recovered. Combining
space and ground data provides finer detail and overall resolution, however, the improve-
ment over purely space data is rather slight. This is because in addition to providing the
vertically slicing cuts needed to recover vertical information, the space links cross one
another over a much wider range of angles, supplying much of the information needed
for the full image.

Spaceborne GPS imaging will have a profound impact on ionospheric science. The
ionosphere is a complex, mutable matrix containing an assortment of transient structures,
including troughs, waves, bulges, plumes. The dynamic behavior ahithiatitude
trough, for example, is directly related to magnetospheric processes such as substorms
caused by solar flares, which in extreme cases can severely disrupt communications and
power grids and cause economic losses in the tens of millions of dokaref, 1995].

The ability to image ionospheric structures continuously in three dimensions will help
scientists to examine in detail the evolution of "space weather,"” to trace the formation of
geomagnetic storms, and perhaps one day to predict when an observed solar flare will
cause disruption on Earth. Today, despite decades of effort, we can only weakly
illuminate the ionosphere's complex structure and behavior. An array of orbiting
receivers will expose the ionosphere to examination; what is now elusive or hidden will
stand revealed, opening a new chapter of ionospheric investigation.

THE FUTURE OF SPACEBORNE GPS SCIENCE

The success of Earth gravity model tuning on Topex/Poseidon has boosted the prospects
of various proposed GPS-based missions devoted to further gravity model improvement.
Mission concepts proposed by groups at JPL and the Goddard Space Flight Center,
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among other places, include (1) constellations of GPS-bearing microsats to chart the long
wavelength components of the gravity field, up to about degree and order 25, and their
time variation; and (2) pairs of low-orbiting microsats flying in formation on which
modified GPS receivers would make both conventional "high-low" GPS measurements to
observe the long-wavelength gravity components, and more precise "low-low" satellite-
satellite range and Doppler measurements (with accuracies qfmEhd ~1lum/s) to
observe the shorter wavelength components, up to about degree and order 80. No such
mission has yet been approved.

Several planned international microsat missions will carry versions of the TurboStar for
atmospheric occultation and gravity modeling. These include the Danish @rsted and the
South African Sunsat missions, set to be launched together on a Delta rocket in 1997, and
a possible Brazilian SAC-C mission in 1998. In addition, a TurboStar is expected make
occultation observations from the Wakeshield facility, to be deployed and retrieved by
the Space Shuttle this year; another will be placed aboard the Russian MIR space station
in 1997 for a timing experiment in cooperation with the Smithsonian Astrophysical
Observatory. At least a half-dozen other TurboStar flights are in the discussion stage.
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Fig. 7. Concept for a pilot constellation of spaceborne GPS receivers for Earth science.

While the individual occultation missions will serve to advance the GPS technology
and validate its capabilities, they will do little for atmospheric science. It is the fervent
hope of the growing GPS occultation community that a small pilot constellation of a
dozen or so microsats will be sponsored either by government agencies or by commercial
interests (eyeing a potential worldwide market in GPS weather products) in the very near
future. One such concept being developed at JPL is shown in Fig. 7. This could be the
prelude to an array of hundreds of tiny, autonomous satellites continuously monitoring
the global atmosphere and ionosphere three-dimensionally, with high resolution in space
and time (while also improving the gravity model), within a decade. The results from
GPS/MET have made the prospect of such a mission tantalizing, and the prospects for its
eventual deployment highly promising.

DISCUSSION

GPS is quickly achieving a routine presence in space for the basic utility functions of real
time onboard state determination, precise time and frequency transfer, and moderate
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precision attitude determination, and is likely to be the method of choice for those tasks
for many future Earth satellites, both American and international. At present, real time
onboard position accuracies fall in the 50-100 m range, limited by the instantaneous
effects of SA dither, which typically introduces 20-30 m errors in measured pseudorange.
Experiments on EUVE and Topex/Poseidon (and an earlier simulation studgrby
Sever et al[1990]) show that robust onboard dynamic filtering can smooth real time
position error to a few meters, with SA dither at its nominal level. Similarly, onboard
time determination, typically accurate to a few tenths of a microsecond today, can be
improved to a few tens of nanoseconds through filtering.

The best current GPS-derived attitude accuracies are reported to be a few tenths of a
degree, or about 20 arcmin, with antenna baselines of 1 m. A recent stiayuby
[1995] suggests that continued improvements in passive and active multipath suppression
combined with real time dynamic filtering can reduce attitude error by more than an order
of magnitude, to about 1 arcmin, with performance ultimately limited by the accuracy of
the antenna phase center calibration.

Demonstrations of combinggPS/GLONASSN space are still more than a year away.
In 1994 the European Space Agency began development of a high performance dual
frequencyGPS/GLONASSeceiver for spaceborne science applications. The receiver will
have a minimum of 12 parallel channels, each able to track either GPS or GLONASS
signals at high rates, and will be able to track by means of the P-codes, C/A-codes, and
several codeless techniques. The first prototypes could be available by the end of 1995
[Silvestrin et a1 1995]. While the future of GPS for spaceborne use appears to be secure,
it remains to be seen wheth@PS/GLONASSWwill gain a solid foothold in the market.

Spaceborne GPS for Earth science is in the exciting early phase of invention, with
promising developments underway in geodesy, climatology, weather modeling, and iono-
spheric imaging. The advancement of spaceborne GPS science is rapidly becoming an
international venture, with small missions in preparation in a number of countries. These
science applications invariably require high performance dual-frequency receivers with
capabilities well beyond the utility needs of most civilian missions. In the near term there
will therefore remain two distinct classes of GPS use in space. It may one day come to
pass, however, that as science programs move towards the creation of a large constella-
tion of GPS microsats, the size and cost of high end flight receivers will approach that of
utility models, and many more satellites will then be able to contribute to spaceborne
GPS science.

Acknowledgment. We thank Bruce Haines, Ed Christensen, Michael Watkins, George
Hajj, and Rob Kursinski, all of JPL, for results presented here. A portion of the work
described in this review was carried out by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space
Administration.

REFERENCES

Bar-Sever, Y. E., T. P. Yunck and S. C. Wu, GPS-based orbit determination and point
positioning under selective availabilitgroc. ION GPS-90 pp. 255-263, Sep 1990.

Bertiger, W. I., et al, GPS precise tracking of Topex/Poseidon: results and implications,
J. Geophys. Res., 994449-24464, Dec 1994.

Bertiger, W., T. Yunck, K. Gold, J. Guinn, A. Reicher and M. Watkins, High precision
and real timetracking of low earth orbiters with GPS: case studies with Topex/Posei-
don and EUVE, 3d Int Workshop on High Precision Navigation, Stuttgart, Apr 1995.

Cohen, C. E., E. G. Lightsey, W. A. Feess and B. W. Parkinson, Space flight tests of
attitude determination using GPS, Proc. ION GPS-93, pp. 625-632, Sep 1993.



Presented at [IUGG Meeting
Boulder, July 1995

Cubbedge, S. and T. Higbee, Design, Integration, and test of a GPS receiver on an iner-
tially pointed satellite: A case study, Proc. ION GPS-94, Salt Lake City, UT, pp.
1701-1710, Sep 1994.

Feng, D. S., B. M. Herman, M. L. Exner and B. Schreiner, Spaceborne GPS remote
sensing for atmospheric research, IUGG XXI General Assembly, IAG Symposium
G2, Boulder, CO, July 1995.

Gold, K., A. Reichert, G. Born, W. Bertiger, S. Wu and T. Yunck, GPS orbit determina-
tion in the presence of selective availability for the Extreme Ultraviolet Explorer,
Proc. ION GPS-94, Salt Lake City, UT, pp. 1191-1199, Sep 1994.

Hajj, G. et al., Initial results of GPS-LEO occultation measurements of Earth's tropo-
sphere and stratosphere obtained with the GPS-MET experiment, IUGG XXI General
Assembly, IAG Symposium G2, Boulder, CO, July 1995.

Hajj, G., R. Ibanez-Meier, E. Kursinski and L. Romans, Imaging the ionosphere with the
Global Positioning Systenit. J. Imaging Systems & Tech,,154-184, 1994.

Kliore, A. J., T. W. Hamilton and D. L. Cain, Determination of some physical properties
of the atmosphere of Mars from changes in the Doppler signal of a spacecraft on an
Earth occultation trajectory, TR 32-674, Jet Propulsion Laboratory, Pasadena, 1964.

Kliore, A. J., D. L. Cain, G. S. Levy, V. R. Eshelman, G. Fjeldbo and F. D. Drake,
Occultation experiment: results of the first direct measurement of Mars' atmosphere
and ionosphere&cience, 1491243-1248, 1965.

Kursinski, R., Monitoring the earth's atmosphere with GBS World Mar 1994.

Lerner, E. J., Space weathBgpular Sciencepp. 54-61, Aug 1995.

Lightsey, E., C. Cohen and B. Parkinson, Development of a GPS receiver for reliable real
time attitude determination in space, Proc. ION GPS-94, Salt Lake City, UT, pp.
1677-1684, Sep 1994.

Mannucci, A., B. Wilson and C. Edwards, A new method for monitoring the earth's
ionospheric total electron content using the GPS global network, Proc GPS-93, Inst of
Navigation, 1323-1332, Sept 1993.

Melbourne, W. G., E. S. Davis, T. P. Yunck and B. D. Tapley, The GPS flight experi-
ment on Topex/ Poseido@eophys. Res. Lett., 24171-2174, 1994.

Melbourne, W. G. et alThe Application of Spaceborne GPS to Atmospheric Limb
Sounding and Global Change MonitoriniPL Pub. 94-18, NASA/JPL, April 1994b.

Raymund, T. D., S. J. Franke and K. C. Yeh, lonospheric tomography: its limitations and
reconstruction methodsg, Atmos. Terr. Phys., §6), 637-650, Apr 1994.

Schutz, B. E. et al, Dynamic orbit determination using GPS measurements from
Topex/PoseidorGeophys. Res. Lett., 24179-2182, 1994,

Silvestrin, P. et al, Development of a spaceborne GNSS receiver for atmospheric pro-
filing applications, URSI Conference 1995, Working Group AFG1, Copenhagen,
June 1995.

Tomita, H. et al, Flight data analysis of OREX onboard GPS receiver, Proc. ION GPS-94,
Salt Lake City, UT, pp. 1211-1220, Sep 1994.

Wu, S., T. Yunck and C. Thornton, Reduced-dynamic technique for precise orbit
determination of low earth satellitel,Guid., Control & Dynamics, 124-30, 1991.

Yunck, T. P., Coping with the atmosphere and ionosphere in precise satellite and ground
positioning, inEnvironmental Effects on Spacecraft Positioning and Trajectofies
Vallance-Jones, ed., Geophysical Monograph 73, IUGG Volume 13, pp. 1-16, 1993.

Yunck, T. and W. Melbourne, Geoscience from GPS tracking by Earth satellites, Proc.
IUGG/IAG Symp. No. 102, Edinburgh, Scotland, Aug 1989.

Yunck, T. P., S. C. Wu, J. T. Wu and C. L. Thornton, Precise tracking of remote sensing
satellites with the Global Positioning SystellBEE Trans. Geosci. & Rem. Sensing,
GE-23 450-457, 1990.

Yunck, T. P. et al, First assessment of GPS-based reduced dynamic orbit determination
on Topex/Poseidorizeophys. Res. Lett., 2341-544, 1994.

10



